Vb-cyclones are extratropical cyclones propagating from the Western Mediterranean Sea and traveling across the Eastern Alps into the Baltic region. With these cyclones, extreme precipitation over Central Europe potentially triggers significant flood events. Understanding the prediction ability of Vb-cyclones would lower risks from adverse impacts. This study analyzes the robustness of an atmosphere-ocean regional coupled model, including interactive models for the Mediterranean Sea (MED) and North and Baltic Seas (NORDIC) in reproducing observed Vb-cyclone characteristics. We use the regional climate model (RCM) COSMO-CLM (CCLM) in stand-alone and coupled with the ocean model NEMO configurations for the EURO-CORDEX domain from 1979 to 2014, driven by the ERA-Interim reanalysis. Sea surface temperature (SST) is evaluated to demonstrate the stability and reliability of the coupled configurations. Compared to observations, simulated SSTs show biases (~ 1 °C), especially during winter and summer. Generally, all model configurations are able to replicate Vb-cyclones, their trajectories, and associated precipitation fields. Cyclone trajectories are comparably well simulated with the coupled models, as with the stand-alone simulation which is driven by the reanalysis SST in the MED and NORDIC seas. The cyclone intensity shows large deviations from reanalysis reference in the simulations with the interactive MED Sea, and smallest with CCLM. Precipitation characteristics are similarly simulated in the coupled and stand-alone (with reanalysis SST) simulations. The results suggest that our coupled RCM is useful for studying the impacts of highly resolved and interactively simulated SSTs on European extreme events and regional climate, a crucial prerequisite for understanding future climate conditions.
Introduction
The Mediterranean region is one of the world's primary cyclogenetic regions (Petterssen 1956; Hoskins and Hodges 2002; Wernli and Schwierz 2006) . Complex air-sea interactions and orographic features play a predominant role in determining the Mediterranean climate. For example, high evaporation over the Mediterranean Sea favors frequent cyclonic activities in the region (Alpert et al. 1995) . One specific type of cyclone that develops over the Western Mediterranean Sea, typically over the Gulf of Genoa, and travels across the Eastern European Alps toward the Baltic region is the Vb-cyclone ( Van Bebber 1891; Messmer et al. 2015) . Persistent strong cut-off lows drive synoptic scale atmospheric circulation, including the Vb-pathway, and are responsible for extreme weather conditions (Stucki et al. 2013; Ulbrich et al. 2003a, b) . A typical Vb-type weather condition occurs when a high-pressure system is located over the Baltic region and, at the same time, an intense lowpressure system moves from the Western Mediterranean Sea toward Central or Eastern Europe. During such events, significant moisture is transported towards the northern side of the Alps and into Central Europe due to the counterclockwise rotation of the cyclone. Such a condition can last for several days and often yields large-scale intense precipitation events and floods in Central Europe (Mudelsee et al. 2004; Nied et al. 2014) . Hofstätter et al. (2018) reported that during summer almost every second Vb-cyclone is related to heavy precipitation over the Czech Republic and Austria. The authors also found that the precipitation intensity associated with Vb-cyclones is high in summer due to high air temperatures. In addition, Nissen et al. (2013) showed that flooding associated with Vb-cyclones is mainly a summer phenomenon. Examples of extreme Vb flood events include those in Switzerland in September 1993 (Stucki et al. 2013) , the Czech Republic and Austria in July 1997 (Ulbrich et al. 2003b; Cyberski et al. 2006; Godina et al. 2006; Ho-Hagemann 2015) , Central Europe in August 2002 (Ulbrich et al. 2003a; Grazzini and van der Grijn 2002) , the Alpine region in August 2005 (Beniston 2006) , and in Central Europe in May-June 2013 (Grams et al. 2014 Kelemen et al. 2016) and May 2014 (Stadtherr et al. 2016) . Such extreme events often led to substantial economic and personal losses (Graefe and Hegg 2004; MeteoSchweiz 2006; Mitzschke 2013; Held et al. 2013) .
The Mediterranean region is often referred as a climate change "hotspot" for global warming (Giorgi 2006) . Strong warming of the Mediterranean Sea surface temperature (SST) was already being observed already by the end of the 20th century (Rixen et al. 2005) . By the end of the 21st century, more than 2 K additional warming is predicted compared to 1980 -1999 (IPCC 2007 . These thermodynamic changes may significantly change the air-sea interaction, which can influence the occurrence and intensity of Mediterranean cyclones. Although mean precipitation is expected to decrease in the long-term (Christensen and Christensen 2007) , an increase in evaporation and moisture transport can potentially impact short-term extreme precipitation events over Central Europe (e.g., Gimeno et al. 2010; Volosciuk et al. 2016; Messmer et al. 2017) . A decrease in frequency and an increase in intensity of Vb-cyclones is projected under future climate change conditions (Muskulus and Jacob 2005; Nissen et al. 2013) .
The dynamics of synoptic-scale atmospheric circulation and the contribution of moisture flux from different sources influence the precipitation amount associated with Vb-cyclones (Messmer et al. 2015) . The precipitation is potentially most intense if the cut-off low is located over the northern or eastern parts of the Alps (Awan and Formayer 2016) . Gimeno et al. (2010) and Volosciuk et al. (2016) found that intense precipitation events over Central Europe are directly linked to the thermodynamic conditions in the Mediterranean area. However, most Vb studies have focused on individual cases, and thus general conclusions have to be made with care. For example, the August 2002 event is one of the most frequently analyzed cases (Ulbrich et al. 2003a, b; Grazzini and van der Grijn 2002; Stohl and James 2004; James et al. 2004; Kaspar and Müller 2008) . In addition to evaporation over the Mediterranean Sea, inland evaporation was a major source of moisture for the August 2002 Vb-event (Ulbrich et al. 2003a; Sodemann et al. 2009 ). Sodemann et al. (2009) further proposed that the Atlantic and long-range advection should not be ignored. The latter is supported by Winschall et al. (2014) , who investigated various extreme precipitation events over Central Europe and recognized that the North Atlantic, in addition to the Mediterranean Sea and inland evaporation, is an important moisture source. Similar conclusions were also drawn by James et al. (2004) and Stohl and James (2004) using a backward tracking method and particle dispersion model, respectively, in analyzing the August 2002 case. In contrast, Gangoiti et al. (2011) concluded that the Mediterranean Sea was the main moisture source for the August 2002 Vb-event. In a recent model-based study, Messmer et al. (2017) found a non-linear relationship between Mediterranean SST and precipitation intensity. An increase of 5 K in Mediterranean SST increases the precipitation amount by 24%, whereas a 5 K reduction induces a decrease of only 9% in precipitation intensity over Central Europe during Vb-events. However, no significant differences in the precipitation intensity were found between + 1 and + 3 K.
Most Vb-cyclone studies investigated reanalysis datasets or uncoupled regional or global atmospheric model simulations, which exhibit considerable uncertainty (− 7 ± 21 W/ m 2 ) in the Mediterranean Sea surface heat fluxes (Sanchez-Gomez et al. 2011) . These uncertainties can strongly affect the intensity and tracks of Mediterranean cyclones. Currently, state-of-the-art regional climate models (RCMs) achieve horizontal resolutions finer than 50 km, which provides a more realistic representation of local features (Herrmann and Somot 2008). However, RCMs often use coarseresolution SST from coupled global model simulations or reanalysis (e.g., ERA-Interim and NCEP/NCAR) datasets as lower boundary conditions (Christensen and Christensen 2007) . These datasets do not represent the European marginal seas (Mediterranean, North and Baltic Seas) well, although SST variations in these marginal seas are essential to regional climate at different temporal and spatial scales Li 2006; Akhtar et al. 2018) .
Recently, atmosphere-ocean regional climate models (AORCMs) became available and they represent an opportunity to study the impact of increased resolution and air-sea coupling on extreme events, such as Vbcyclones. Studies show that air-sea coupling over marginal seas affects simulated temperature and precipitation both over the coupling domain, and over land (e.g., Somot et al. 2008; Pham et al. 2014; Ho-Hagemann 2015) . Furthermore, SSTs simulated with high-resolution (less than 10 km grid distance) ocean models can have a strong and beneficial effect on cyclogenesis and precipitation (Sanna et al. 2013) . Akhtar et al. (2014) showed that a highresolution AORCM improves trajectories and the intensity of simulated Mediterranean hurricanes (medicanes) compared to RCM due to better resolved mesoscale processes and turbulent fluxes. An improved representation of simulated fluxes, including momentum fluxes, using an AORCM instead of an RCM was also shown in Akhtar et al. (2018) . There is general agreement that high-resolution AORCMs are a prerequisite for resolving small-scale features of the Mediterranean (e.g., Somot et al. 2008; Herrmann et al. 2011; Ruti et al. 2016 ) and North and Baltic Seas (e.g., Pham et al. 2014; Ho-Hagemann 2015) .
The value of using AORCMs was highlighted by Ho-Hagemann (2015), who used an AORCM with a coupled North and Baltic Seas model to investigate the July 1997 Oder flooding event, which was associated with a sequence of two Vb-cyclones ("Xolska" and "Zoe"). For the second Vb, they identified a large-scale convergence of moisture from the Mediterranean Sea, together with moisture coming from the North Atlantic Ocean via the North Sea and inland evaporation, as responsible for heavy rainfall and floods in Central Europe. Their analysis explicitly showed the added value of coupled North and Baltic Seas models for simulating the event. The impact of air-sea interactions and feedbacks over European marginal seas, the Mediterranean Sea, and the North and Baltic Seas on the characteristics of Vb-cyclones have not yet been investigated using an AORCM. The present work evaluates SST that is simulated using newly developed AORCMs and addresses the impact of atmosphere-ocean coupling (1) over the Mediterranean Sea, (2) over the North and Baltic Seas, and (3) over the marginal seas in a combined system on trajectories and precipitation characteristics of selected Vb-cyclones in the ERA-Interim period.
This paper is structured as follows. Section 2 describes the details of the models, experimental design, datasets, and analysis methods. The results and discussion are provided in Sect. 3. Finally, the main conclusions and future research perspectives are presented in Sect. 4.
Modeling system and experimental configuration
In this study, we used the COSMO-CLM (CCLM) RCM in combination with regional ocean models NEMO-MED12 for the Mediterranean Sea and NEMO-NORDIC for the North and Baltic Seas to generate three AORCMs for analyses.
CCLM
The atmospheric model CCLM v5.7 is a non-hydrostatic RCM based on primitive equations (Rockel et al. 2008) . The model configuration follows the EURO-CORDEX extent ( Fig. 1 ) Van Pham et al. 2014) with an atmospheric grid resolution of 0.22° (~ 25 km, 232 × 226 grid points and 40 σ levels). In our configuration, CCLM uses a numerical time step of 150 s with a third order Runge-Kutta numerical integration scheme aerosol optical depth data following Tegen et al. (1997) . Furthermore, CCLM uses a one-dimensional prognostic turbulent kinetic energy scheme for vertical turbulent diffusion parameterization and a delta-two-stream radiation scheme (Ritter and Geleyn 1992) . To better represent sea ice in the North and Baltic Seas, a sub-grid scale sea ice mask was implemented in the CCLM coupled configuration over the region to account for partially sea ice covered grid boxes. In the coupled setup, the CCLM model receives the sea ice mask the North and Baltic Seas) in the coupling regions ( Fig. 1 ) are calculated using the following regional ocean models.
NEMO-MED12
NEMO-MED12 is a regional implementation of the ocean general circulation model NEMO v3.6 (Madec and NEMO Team 2008) for the Mediterranean Sea (Beuvier et al. 2012; Lebeaupin et al. 2011 Lebeaupin et al. , 2012 Akhtar et al. 2018 ). The NEMO-MED12 grid covers the entire Mediterranean Sea plus a small part of the Atlantic Ocean west of Gibraltar which acts as a buffer zone for open boundary conditions (Beuvier et al. 2012 ). However, the coupling is only performed over the Mediterranean Sea ( Fig. 1 ). It has the standard irregular ORCA grid with 1/12° resolution (~ 6.5-8.0 km in latitude and ~ 5.5-7.5 km in longitude; 567 × 264 grid points). In the vertical, 75 unevenly z-levels are used with a layer thickness of 1 m at the surface, increasing to 135 m at the bottom. It is an eddy-resolving regional ocean model, as the Rossby radius for deformation over the Mediterranean Sea is on the order of 15 km (Lebeaupin et al. 2011) . In our configuration, the numerical time step of the model is 720 s. The initial conditions for three-dimensional potential temperature and salinity are provided by the MEDAT-LAS-II (Rixen 2012) monthly mean seasonal climatology in the Mediterranean Sea. A 30-year coupled spin-up simulation driven by randomly resampled ERA-Interim data (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) 
NEMO-NORDIC
NEMO-NORDIC is a regional implementation of the NEMO v3.3 for the North and Baltic Seas (e.g., Hodoir et al. 2013 ; Dieterich et al. 2013; Van Pham et al. 2014 ). The NEMO-NORDIC grid covers the entire Baltic and North Seas, with two open boundaries in the Atlantic Ocean. The northern zonal boundary is the cross-section between the Hebrides and Norway and the southern meridional boundary lies in the English Channel ( Fig. 1 ). It has a resolution of 2 nautical minutes (~ 3.7 km; 619 × 523 grid points) and 56 stretched vertical levels with a thickness of 3 m at the surface and 22 m at the bottom of the Norwegian Sea. Such a high horizontal resolution allows the mesoscale variability to be marginally resolved in the North and Baltic Seas (Meier and Kauker 2003) , because the average Rossby radius of deformation over the Baltic Sea is on the order of 7 km (Osiński et al. 2010 ). NEMO-NORDIC uses the NEMO sea ice model LIM3, which includes the dynamics and thermodynamic processes of sea ice (Vancoppenolle et al. 2009 ). NEMO-NORDIC employs a numerical time step of 180 s and free surface scheme to include tidal forcing in the dynamics. The tidal potential is prescribed at the open boundaries in the North Sea from the global tidal model of Egbert and Erofeeva (2002) and Egbert et al. (2010) . The initial conditions for three-dimensional potential temperature and salinity are provided by Janssen et al. (1999) and the lateral boundary conditions in the North Sea are prescribed from ORAS4 reanalysis data (Balmaseda et al. 2013) . Freshwater inflow of the rivers is provided from daily time series of the E-HYPE model output (Lindström et al. 2010 ).
Coupler and coupling fields
The coupling of the atmospheric (CCLM) and ocean models (NEMO-MED12 and NEMO-NORDIC) is achieved using the OASIS3-MCT coupler (Craig et al. 2017 ). The OASIS3-MCT coupler synchronizes the models and interpolates the coupling fields from one model grid to another. In the coupled setup, the ocean model sends SST to CCLM through OASIS3-MCT and in turn receives solar energy, non-solar heat, momentum, and freshwater fluxes. In addition, NEMO-NORDIC sends the sea ice fraction to CCLM and receives sea level pressure. The coupling fields are exchanged every 3 h. A more detailed description of the coupling strategy and its implementation can be found in Will et al. (2017) .
Experiment and analyses methods
Hereafter, "CCLM" refers to uncoupled CCLM simulations, "MED" refers to CCLM coupled with NEMO-MED12, "NORDIC" refers to CCLM coupled with NEMO-NOR-DIC, and "MED + NORDIC" refers to CCLM simulations simultaneously coupled with the two regional ocean models NEMO-MED12 and NEMO-NORDIC. Four simulations (CCLM, MED, NORDIC, and MED + NORDIC) were performed for 1979-2014. Firstly, the newly developed AORCM with one or two coupled European marginal seas was evaluated comparing mean simulated seasonal and annual SST over the coupling region with observations. Next, eight Vb-type events were selected from 1979 to 2014 (Table 1) . These Vb-events triggered extreme precipitation over the northern slopes of the Alps and in Central Europe (e.g., Hofstätter and Chimani 2012; Messmer et al. 2017; Ho-Hagemann 2015) . The first two Vb-events in July 1981 and August 1985 were relatively weak events in terms of precipitation intensity (Messmer et al. 2017 ). The later events were associated with extreme floods, as described in Sect. 1.
The cyclone trajectories in the reanalysis data and model simulations were detected with an objective method following Hofstätter and Chimani (2012), Hofstätter et al. (2016) . As this tracking method works only for standard geographic grids, CCLM rotated horizontal wind and geopotential height fields were derotated and interpolated to a standard geographic grid. A discrete cosine filter (Denis et al. 2002) was applied to avoid spurious structures and false detections of cyclone centers due to local minima, especially at the edge of low-pressure systems. The low-pass filter removed structures smaller than 400 km, decreased smoothly up to 1000 km, and passed all large scales (Hofstätter and Chimani 2012) . The cyclone centers were localized at each time step as closed local minima for a geopotential height of 700 hPa.
To determine the corresponding cyclone center at the following time step t n+1 , a first guess was estimated. For the first guess, the predicted cyclone propagation vector, following Hofstätter et al. (2016) , Eq. (2), was applied. The horizontal wind at 700 hPa and 500 hPa was used for the first guess estimation. The detected cyclone center at t n+1 nearest to the position of the first guess was then chosen as the following track position. Based on this tracking method, it was not possible to detect continuous cyclone tracks for some events. In such cases, the corresponding following track some time steps later was considered.
To verify simulated cyclone precipitation against observations, an object-based measure of the Structure, Amplitude, and Location (SAL) of the precipitation field in a pre-specified domain was calculated according to Wernli et al. (2008) . A 30 × 30 model grid box, centered on the E-OBS' precipitation maxima and threshold factor of 1/15 to identify objects was used to calculate SAL. An object defines a grid point of a local precipitation maximum above threshold values, which includes neighboring grid points as long as the grid point values are larger than the threshold values (Wernli et al. 2008) . The amplitude component A of SAL describes the normalized domain averaged field difference of the simulated and observed precipitation. Its values range from − 2 to + 2, with 0 indicating a perfect forecast and − 1/+ 1 indicating underestimation/overestimation of spatially averaged precipitation by a factor of 3. The structure component S describes the volume of the normalized precipitation object, using its size and shape. It ranges from − 2 to + 2 with 0 indicating area similarity of simulated and observed precipitation object. The third component, location L, computes the normalized distance between the center of mass of the simulated precipitation object and observed one. Additionally, mean differences in daily precipitation values of simulations and observations were used as simple statistical measures.
The following reference datasets were also incorporated into the analyses:
• NOAA Daily Optimum Interpolation SST (OISST), available from September 1981 to present on a 0.25° global grid every 6 h. It is based on observations from satellites, ships, and buoys (Reynolds et al. 2007 ). • ENSEMBLES observations (E-OBS) v15.0 precipitation dataset, available from 1950 to present. Daily accumulated E-OBS precipitation values are used on the available 0.22° rotated grid. It is based on station observations mainly over European land (Haylock et al. 2008 ). • ECMWF's ERA-Interim reanalysis precipitation, geopotential height, and horizontal wind datasets, available from 1979 to present on a 0.75° global grid (Dee et al. 2011 ). • NASA's MERRA-2 reanalysis geopotential height and horizontal wind datasets, available from 1980 to present on a 0.5° × 0.625° grid (Gelaro et al. 2017 ).
Results and discussion
In this section, we analyze the ability of the uncoupled and coupled models in reproducing observed Vb-cyclone characteristics. Results from the newly developed regional atmospheric model coupled with two marginal seas are presented for the first time; therefore, first, briefly evaluate the simulated SSTs for 1982-2014, which are distinct in coupled and uncoupled simulations. The second and third columns show the length of cyclone tracks in days presented in Fig. 4 and period with most extreme precipitation, respectively Mediterranean SSTs were warmer in the coupled simulations for 1979-1995 than OISST and colder after 2005. The coupled simulations underestimate the warming trend after about 2005. In the uncoupled CCLM simulation, the trend is also less than in OISST after 2005. This underestimation of the warming trend might be linked to the atmospheric forcing, as the ERA-Interim SST is also underestimated compared to OISST after about 2005. These changes are related to the use of large numbers of observations in ERA-Interim, especially after 2005, which modify the shortwave radiations in ERA-Interim and in CCLM through atmospheric forcing ( Fig. SI-1 ). Initially warm SST in the coupled simulations which can be due to atmospheric forcing, also reduced the warming trend.
In contrast, the North and Baltic SSTs in the coupled simulations are colder (up to approximately 0.5 °C) than OISST throughout the simulation period. Gröger et al. 2015 described the cold bias in the coupled (they used the same ocean component for the North and Baltic Seas as in this study) and uncoupled simulations. They argue that the cold ERA40 SSTs contribute to the cold bias in the uncoupled simulations. For the coupled simulation they argue that the initially too cold SSTs are prevailing because of positive feedback with the atmosphere. Firstly, atmospheric surface temperatures would become too cold and thus support SSTs that are too cold. Secondly, the atmospheric boundary layer would be more stable in case of cold SSTs, which would decrease wind speeds and reduce vertical mixing, potentially deepening the oceanic mixed layer and increasing the heat capacity and temperature of the oceanic mixed layer. All simulations reproduced the SST interannual variability quite well in comparison to MERRA-2 and OISST. Notably, warming trends are larger in the North and Baltic Seas (NORDIC: Figure 3 shows the mean seasonal differences between the coupled simulation MED + NORDIC and observations for 1982-2014 (OISST is available from September 1981). The SST differences are most pronounced during summer (0.8 °C) and winter (− 1.1 °C) over the Mediterranean Sea. Better agreement with the observations is found for the spring season. Locally, in the Levantine basin and the central Mediterranean Sea, these differences are up to ± 2.5 °C. During summer there is a prevailing warm bias in the south-east Mediterranean Sea and cold bias (up to − 0.5 °C) in the north-eastern and the Adriatic basin. It corresponds to the prevailing anti-cyclonic oceanic structures along the south-eastern coasts and to the cyclonic structures along the northern Mediterranean coasts (Robinson and Golnaraghi 1993; Artale et al. 2010) . In some parts of the Northwest Mediterranean Sea such as the Gulf of Lions, the summer SST in the coupled simulations is lower than observed. This is due to the cooling effect of the strong wind systems such as the Mistral and Tramontane.
In the North and Baltic Seas, the mean SSTs in the coupled simulations are colder in all seasons, with the most pronounced difference during summer (− 1.2 °C) and the largest differences along coastlines. The spatial pattern of winter SST biases in the Baltic Sea suggests a relationship to different ice covers in the present simulations and ice covers used in the preparation of the OISST dataset. In summer, the coldest SST biases in the Baltic Sea occur along the coastlines in places that have been identified as upwelling regions (Lehmann and Myrberg 2008) . This would indicate a somewhat too sensitive ocean component towards divergent wind stress along the coastlines that produces coastal upwelling.
In the northwestern part of the North Sea, the strong cold SST bias is correlated to the inflowing Atlantic water and to coastal upwelling. A similar summer SST bias pattern has been reported by Gröger et al. (2015) .
Vb-cyclones
In this section, we focus on the reproducibility of Vbcyclones, their trajectories, and associated heavy precipitation characteristics in the models with and without coupling of the marginal seas. The investigated cyclone events are listed in Table 1 . Figure 4 shows the trajectories of the selected events. Trajectories derived from reanalysis data are shown as a reference. The simulated trajectories agree well with the reanalysis data, which highlights the ability of the uncoupled and coupled models to simulate relevant physical processes of such rare and extreme events as Vb-cyclones. In particular, during the deepening and mature phase of the cyclone, the model trajectories agreed well with the reanalysis trajectories. The July 1997 event was a special case, with two cyclones contributing to extreme precipitation. One was propagating from the Mediterranean Sea northeastward (1997/I), and a second cyclone (1997/II) was from the North Atlantic via the North Sea to Central Europe (Ho-Hagemann 2015) . The path of the first cyclone (1997/I) is not captured in ERA-Interim by our tracking algorithm, which considered only closed depressions. Fig. 5 a Median values of geodesic cyclone path distances ( Δx median ) and b core geopotential height differences ( Δh median ) compared to MERRA-2 reanalysis data for each event (colored symbols). Only track points during the three consecutive extreme precipitation days (see Table 1 ) were chosen
Cyclone Trajectories
The median of the geodesic distances and absolute differences in core geopotential heights for the cyclone tracks were calculated for the three consecutive days of highest precipitation (Table 1) . For each event, the median of the geodesic distances between the simulated or ERA-Interim trajectories and those from MERRA-2 are summarized in Fig. 5a . Note that the temporal resolution of the ERA-Interim and MERRA-2 tracks is 6 h, while model data output was available at 3 h. Therefore, only every second model track point was used to calculate the median Δx median of the geodesic distance deviations Δx from the reference tracks in the MERRA-2 reanalysis data. The medians Δx median for the ERA-Interim tracks are less than 100 km for all events. In most of the cases, the cyclone trajectories simulated in the coupled models are close to the controlled (CCLM) simulations. In July 1997 and August 2002, the coupled model performed better than the CCLM. The best-suited coupling set up (NORDIC, MED, or MED + NORDIC) varies from event to event according to the reference trajectories. This was also the Fig. 6 Composite precipitation (mm/day) averaged over each event for three consecutive days (listed in Table 1 ) from all simulations, ERA-Interim, and observation E-OBS. Colored contours indicate the precipitation fields greater than 20 mm/day for each event case for the core geopotential heights, which is a measure of cyclone intensity and life cycle phase. Figure 5b shows, analogous to Fig. 4 , the medians Δh median of the core geopotential height differences to the reference tracks (MERRA-2). Note that the average core geopotential heights of all MERRA-2 track points were approximately 296 geopotential decameter (gpdam). Thus, all medians Δh median are approximately 1% of the average MERRA-2 core geopotential height. Except for the August 2005 event, differences in the strengths of the simulated cyclones among the models are diverse. With the exception of 2013, in most of the cases the cyclone strengths differ most in the MED simulations compared to the reference. Overall, the uncoupled simulation based on ERA-Interim SST values performs best. Among the different coupling set-ups, the coupling of the North and Baltic Seas improves the cyclone intensity and position most.
Precipitation
To evaluate the performance of the uncoupled and coupled models in simulating precipitation intensities associated with Vb-cyclones, we selected the three consecutive days of highest precipitation from each event (cf. Table 1 ). Figure 6 shows composite daily precipitation fields (averaged over 3 days for each event) of selected Vb-events for all model simulations, ERA-Interim reanalysis, and E-OBS. In most simulated events, precipitation mainly fell over the northern side of Alps and extended toward East and Central Europe following the cyclone trajectories (Fig. 4) . During the decaying phase, the cyclone paths diverged, but most precipitation occurs during the intensification and mature phase. Thus, the later stage track divergence does not have a large influence on the simulated precipitation fields. The positions of the precipitation fields (Fig. 6) agreed well with the corresponding cyclone trajectories (Fig. 4) . This is in contrast to the In most of the simulated events, the difference between the locations of the simulated precipitation fields are small except in the July 1997 and August 2002 events. As shown above, the cyclone tracks also differ among models in these events. In the July 1997 event, CCLM shifted the precipitation location eastward compared to the observations. The simulated precipitation location in NORDIC is closer to the observed (Figs. 5a, 6 ). Figure 7 shows the total precipitation and mean sea level pressure for all the simulations, ERA-Interim, and E-OBS for the July 1997 event. The mean sea level pressure gradient is more intense in NORDIC and CCLM. However, the position of the cyclone in CCLM is shifted to the east. NORDIC shows strong moisture flux and anticyclonic wind with clear cyclone structure. The location of the cyclone is improved in MED + NORDIC and MED but the intensity is weaker than NORDIC. A similar result was also found by Ho-Hagemann 2015, where the coupling of the North and Baltic Seas improved the precipitation simulation of the July 1997 event due to better pressure patterns and soil moisture conditions in the coupled simulations. Figure 8 shows the vertically integrated moisture flux for the July 1997 event. In this case, NORDIC shows higher inland moisture flux than other simulations. Figure 9 shows the total precipitation and mean sea level pressure for all the simulations, ERA-Interim, and E-OBS for the August 2002 event. The simulated precipitation location for the August 2002 event is better represented in MED. In this case, the mean sea level pressure simulated in CCLM is higher (4 hPa) than in the other simulations (Fig. 9) . The moisture flux is stronger in the MED + NORDIC, NORDIC and CCLM simulations (Fig. 10) , whereas the precipitation intensity and location is better represented in MED due to one clear structure which is split into two for other simulations. In general, all the coupled configurations captured the precipitation reasonably well in comparison to the controlled (CCLM) simulations, which uses reanalysis SST. The simulations for July 1981 , August 1985 , September 1993 , and May 2014 did not show large differences among different model configurations. Figure 11 shows composite daily evaporation fields (averaged over 3 days for each event) of selected Vb-events for all model simulations and the ERA-Interim reanalysis. The Genoa region and Gulf of Lions play an important role in the contribution of moisture flux for Vb-cyclones. The coupling of the Mediterranean Sea generally shows less evaporation over the Gulf of Lions due to the cooling effect of the strong wind systems (Fig. 11 ). In the Mistral region, the evaporation is too strong in the NORDIC and CCLM. Figure 12 shows the difference in mean precipitation (in a domain of 30 × 30 grid boxes centered on the E-OBS Fig. 8 Average vertically integrated moisture flux [kg/(ms); shaded and vector] from all the simulations for 18-20 July 1997 maximum for each event) between simulations and E-OBS. In most analyzed cases, differences among models are less than 1 mm/day, except in July 1997, August 2002, and May/ June 2013, when the simulated cyclone tracks also differ the most. Despite some differences, all the coupled configurations simulated the precipitation quite well compared to the controlled simulations (CCLM) and observations. Simulated precipitation is underestimated in most events, potentially due to coarse model grid-spacing (25 km in our case), which does not sufficiently resolve the orographic features and underestimates heavy convection in heavy Vb precipitation events. The object-based quality measure SAL (Wernli et al. 2008 ) was used in a more detailed analysis of daily amplitude, spatial shift, and structure of the precipitation fields.
Observed E-OBS precipitation fields were used as a reference. Figure 13 shows the SAL diagram for the three consecutive days of highest precipitation (Table 1) of the Vb-events. In the top left quadrant of the panels, the amplitude is overestimated while the structure is underestimated, indicating too much precipitation with too small or/and peaked objects. In the bottom left quadrant, both amplitude and structure are underestimated, indicating too low precipitation and too small or/and peaked objects. In the top right quadrant, both amplitude and structure are overestimated while in bottom right quadrant, amplitude is underestimated with too large or/and flat objects. Most simulated SA values are in the left half of the diagram, indicating too small or/and peaked precipitation objects. In most cases, ERA-Interim's SA values are in the right half of the diagram, indicating too large or/and flat objects compared to E-OBS. Location component L is best (close to zero) for NORDIC and showed the highest number of days with precipitation values close to the observations (in the range of 0-0.1) (Fig. 13) . Table 2 summarizes the mean values of SAL components. Here, all models simulate too small or/and peaked 
Conclusions
This study evaluated the robustness of a newly-developed regional atmosphere-ocean model, which incorporated coupling of two European marginal seas, the Mediterranean and North and Baltic Seas, to simulate Vb-cyclones, a weather phenomenon that often leads to intense precipitation over Central Europe. We investigated the impact of interactively simulated air-sea interactions and feedbacks over the European marginal seas on the trajectories and intensities of Vb-cyclones.
We first evaluated the simulated SST. The results showed that the mean seasonal and annual SSTs simulated in MED + NORDIC are similar to MED for the Mediterranean Sea and to NORDIC for the North and Baltic Seas. Compared to uncoupled simulations or observations, SSTs simulated using the coupled configurations show biases (~ 1 °C) over the coupling regions, especially during winter and summer. The coupled model configurations are stable and robust, and the model's SST uncertainties are promisingly small given the observational uncertainties in the marginal seas.
In general, all model configurations were able to reproduce the trajectories of Vb-cyclones and their main features, such as trajectories and core geopotential heights compared to the reanalysis data. Cyclone positions scatter in the simulations with no configuration were best in all cases. Overall, the cyclone trajectories and core geopotential heights are closest to the ERA-Interim reanalysis data in the uncoupled simulation driven by ERA-Interim SSTs. Among the coupling configurations, the coupling setup of the North and Baltic Seas shows smallest biases in simulating the cyclone trajectories and core geopotential. The evaluation of the simulated precipitation fields revealed that all models were able to capture intense precipitation patterns, but the patterns were peaked differently and shifted. The Mediterranean Sea coupling reduced the evaporation during the Vb-events over the Gulf of Lions due to cooling effect Vb-events, which can also affect the precipitation intensity. Generally, the simulated precipitation underestimated E-OBS precipitation data, possibly caused by the coarse model grid-spacing of 25 km, which does not sufficiently resolve orographic features and underestimates heavy convection in heavy Vb precipitation events. Because ERA-Interim's OISST driven SSTs were applied in uncoupled sea areas, it is not surprising that no specific coupled configuration is closer to ERA-Interim than the uncoupled configuration in all cases. Additionally, coupling only the North and Baltic Seas showed an added value in simulating Vb-cyclones, especially in the July 1997 case, which is also shown in Ho-Hagemann (2015) . This is due to the contribution of different moisture sources for each individual case (cf. Gimeno et al. 2010; Volosciuk et al. 2016; Messmer et al. 2017) .
The results presented here indicate that a coupled system with two marginal seas is a useful tool for simulating regional climate over Europe and to study extreme events such as Vb-cyclones. Such a tool, with highly resolved and interactively simulated SSTs and high-frequency air-sea coupling over two main European marginal seas, can be useful for studying the pre-satellite era and future climate conditions. This coupled system with two marginal seas Fig. 11 Composite evaporation (mm/day) averaged over each event for three consecutive days (listed in Table 1 ) from all simulations and ERA-Interim Fig. 12 Mean precipitation difference compared to E-OBS over 3 days for each event, listed in Table 1 model is a step forward towards a high-resolution fully coupled regional climate system. Ongoing developments such as closing the water cycle with a river routing model and better grid resolution, will advance the coupled model shown here towards a convection-permitting regional climate system model. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
